The plant hormone abscisic acid regulates gene expression in response to growth stimuli and abiotic stress. Previous studies have implicated members of the bZIP family of transcription factors as mediators of abscisic acid dependent gene expression through the ABRE cis-element. Here, we identify two new maize bZIP transcription factors, EmBP-2 and ZmBZ-1 related to EmBP-1 and OsBZ-8 families. They are differentially expressed during embryo development; EmBP-2 is constitutive, whereas ZmBZ-1 is abscisic acid-inducible and accumulates during late embryogenesis. Both factors are nuclear proteins that bind to ABREs and activate transcription of the abscisic acid-inducible gene rab28 from maize. EmBP-2 and ZmBZ-1 are phosphorylated by protein kinase CK2 and phosphorylation alters their DNA binding properties. Our data suggest that EmBP-2 and ZmBZ-1 are involved in the expression of abscisic acid inducible genes such as rab28 and their activity is modulated by ABA and by phosphorylation.
Introduction
The plant hormone abscisic acid (ABA) regulates many aspects of plant growth and development. ABA is involved in embryo dormancy and germination and in response to abiotic stresses in the plant. Genetic and biochemical studies have identified many regulatory components of the ABA response, and have been reported a large number of ABA-signalling components. They include transcription factors, kinases and phosphatases, G-proteins and RNA-binding proteins (Finkelstein et al., 2002; Xiong et al., 2002) .
Many effects of abscisic acid are mediated by changes in gene expression and are regulated at the transcriptional level (Busk and Pages, 1998; Shinozaki et al., 2003) . During vegetative growth gene expression control mediated by ABA is associated with adaptative responses to drought and other abiotic stresses, and overexpression of ABA-inducible genes improves stress tolerance in transgenic plants (Xu et al., 1996; Muhkopadhyay et al., 2004) . The ABA-responsive element (ABRE) plays a crucial role in the induction of many ABA responsive genes. The ABRE is defined as a sequence of 8-10 base pairs with the core sequence ACGT. The functionality of ABREs depend on the bases flanking the core sequence and on the promoter context (Salinas et al., 1992; Izawa et al., 1993; Shen and Ho, 1995; Vasil et al., 1995; Busk et al., 1997) . The ABA-response complex (ABRC) is the smallest ABA-responsive promoter unit, and could be formed by an ABRE and a Coupling Element (CE1, CE2) (Shen and Ho, 1996) or by two ABREs (Hobo et al., 1999b) .
Several transcription factors bind to the ABRE in vitro but are not necessarily implicated in abscisic acid-induced gene expression in vivo (Lu et al., 1996) . A problem in identifying authentic ABRE binding proteins is that the sequence of the ABRE cannot be clearly distinguished from DNA elements that respond to other stimuli (Shen et al., 1996; Busk et al., 1998) . These sequences are known as the G-box and a large number of G-box binding transcription factors have been cloned and characterised (Siberil et al., 2001) . The proteins that bind to the G-box are bZIP transcription factors, which bind DNA as dimers (Menkens et al., 1995; Choi et al., 2000; Jakoby et al., 2002) . As ABA regulates transcription through the ABRE in late embryogenesis, bZIP proteins that are expressed at this stage are putative ABRE binding proteins. The bZIP transcription factors OsBZ8 and TRAB1 from rice are expressed in late embryogenesis and are induced by abiotic stress in vegetative tissues (Nakagawa et al., 1996; Hobo et al., 1999a) . This pattern of expression is similar to the activity of the ABRE suggesting that OsBZ8 and TRAB1 are involved in transcriptional regulation through the ABRE. The activity of TRAB1 has been shown to be regulated by phosphorylation (Kagaya et al., 2002) . EmBP-1 is a bZIP transcription factor expressed in late embryogenesis and was cloned on the ability to bind to the ABREs of the wheat Em gene (Guiltinan et al., 1990) . EmBP-1 and the rice bZIP transcription factor OsZIP-1a form homoand heterodimers that bind to the ABRE whereas dimers with OsZIP-2 do not bind to DNA . This suggests that binding to the ABRE is regulated by dimerisation.
The rab28 gene is expressed during late embryogenesis in maize and is induced by ABA and abiotic stress in vegetative tissues Niogret et al., 1996) . The promoter of rab28 contains two ABREs that are necessary for induction of rab28 during embryogenesis and in response to ABA (Pla et al., 1993; Busk and Pages, 1997a; Busk et al., 1999) . The in vivo footprint on the ABREs of rab28 is typical of bZIP transcription factors and is constitutive throughout embryonic development (Busk and Pages, 1997a; Busk et al., 1999) . However, complexes with different mobility are formed between the ABRE and nuclear proteins extracted before and after developmental activation of rab28 suggesting that induction is brought about by a modification of the ABRE-binding factor (ABF). Moreover, the complexes formed with extracts from leaves are different from the complexes formed with embryo extracts (Pla et al., 1993) . These data suggest that induction of transcription through the ABRE is regulated by modification of a constitutively bound transcription factor. Interestingly, 14-3-3 proteins are part of an embryonic ABF and may link the DNA-binding bZIP protein with the embryonic transcription factor VP1 (Schultz et al., 1998) . These proteins have been also associated with the regulation of the intracellular localisation of RSG, a bZIP protein activator (Igarashi et al., 2001) . The DNA-binding complex controlling ABA-inducible gene expression has also other components, like ring Zn finger proteins (C3HC3-type), the RNA pol II subunit RPB5 and the WRKY protein Kurup et al., 2000; Zou et al., 2004) . VP1 is necessary for expression of several ABA-inducible genes including rab28 in the embryo . The global pattern of ABA-regulated gene expression is altered by VP1 overexpression, as was found using an oligomicroarray analysis of Arabidopsis 35S:VP1 transgenic plants (Suzuki et al., 2003) . The VP1 protein is thought to bind to a constitutively bound bZIP protein (Busk and Pages, 1997a; Busk and Pages, 1998; Hobo et al., 1999a) , but also the expression of some bZIP proteins is altered by VP1 overexpression in Arabidopsis (Suzuki et al., 2003) . In the present work we have cloned two bZIP transcription factors from dry maize embryos and water stressed leaves. One of the factors, named EmBP-2, is closely related to the EmBP-1 protein family whereas the other, named ZmBZ-1, is related to OsBZ8. Both factors were expressed during late embryo development. Our data point to that these factors may regulate expression of the rab28 gene through the ABRE elements.
Material and methods

Plant material and treatments
Embryos of maize (Zea mays) pure inbred line W64A were collected at 15, 30, 40, 60 days after pollination (dap); 1, 2 and 3 days after germination (dag). Treatments with 100 lM ABA were performed for 24 h, and with water for 24 h as control. Seeds of maize line W64A were germinated and grown for five days on 16 h light at 28°C and 8 h dark at 26°C on Whatman paper over a layer of vermiculite saturated with water. Different treatments were performed by submerging the roots of the plants in water solutions of 100 lM ABA, 250 mM NaCl, 400 mM mannitol and 15 mM LiCl. Cold and heat shock treatments were performed by incubating the plants at 4°C and 37°C, respectively. Dehydration was performed over dry Whatman paper at 26°C. The treatment times were 4 h for RNA analysis and 24 h for protein analysis.
Isolation of the bZIP proteins
PCR amplification was done with two degenerated oligonucleotides VL1: 5¢-GIG IGA GAG (G/A)AG GAA (G/A)CA (G/A)TC (C/A)AA C-3¢ and VL2: 5¢-IAC (T/C)TT ICT IGC (T/C)AG (T/C)TC (T/C)TC-3¢ and cDNA from a dry maize embryo library. Two DNA fragments of 90 base pairs were obtained and used as probes for screening of the maize embryo cDNA library, and we isolated two partial cDNA sequences for ZmBZ-1 and EmBP-2. The full-length clones were obtained by RACE using the kit from Invitrogen as described by the manufacturer.
RT-PCR analysis
Total RNA was obtained from embryos and leaves of 5-day-old maize seedlings (Vilardell et al., 1991) . After a DNase treatment, 5 lg of total RNA were reverse transcribed with MLV (Gibco BRL, Life Technologies). The cDNA obtained were diluted 5-fold and 1 ll was used in 20 ll PCR reactions.
Overexpression and purification of recombinant EmBP-2 and ZmBZ-1 proteins and antibody generation
The partials cDNA isolated from the dry embryos library were cloned as BamHI-XhoI (EmBP-2) and NotI-XhoI (ZmBZ-1) fragments into the pET28a and pET28c vectors (Promega Corporation, Madison, WI, USA). Overexpression and purification of the corresponding proteins were as described by the manufacturers. Polyclonal antibodies were raised against amino acids 184-359 of ZmBZ-1 and amino acids 218-360 of EmBP-2. Rabbit immunisation was carried out by five successive injections of 250 lg of purified protein in 500 ll phosphate buffered saline emulsified in equal volume of Freund's incomplete adjuvant, as described (Goday et al., 1994) . The antibodies recognised the purified recombinant proteins.
Immunogold labelling
Samples were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) pH 7.3 at 4°C overnight. After several rinsing in PBS, they were dehydrated by progressive low temperature (PLT) in methanol series. Then, samples were washed in pure methanol, infiltrated and embedded in Lowicryl K4M resin at )30°C and polymerised under ultraviolet irradiation in an AFS device (Leica, Vienna). Ultrathin sections were placed on forward and carbon-coated nickel grids and used for immunogold labelling. Immunogold labelling was performed as previously described (Testillano et al., 1994) . Grids carrying Lowicryl ultrathin sections were floated for some minutes on drops of doubledistilled water, PBS and 5% bovine serum albumin (BSA) in PBS. Then they were incubated with either anti-EmBP-2 or anti-ZmBZ-1 polyclonal antibodies diluted 1/100 in 1% BSA, for 1 h at room temperature. After three washes in PBS, sections were incubated with a goat anti-rabbit IgG conjugated with 10 nm gold particles (Bio Cell, Cardiff, UK) diluted 1/25 in 1% BSA in PBS, for 45 min. Then, the grids were washed in PBS and double-distilled water and air-dried. Finally, sections were counterstained with 2% aqueous uranyl acetate for 20 min, and lead citrate for 8 s, and observed in a JEOL 1010 electron microscope at 80 kV. Controls were performed by replacing the first antibodies by the corresponding pre-immune sera.
Immunoblotting
Protein extracts were obtained by grinding the samples in liquid nitrogen and resuspending the powder in a solution containing 150 mM NaCl and 10 mM Tris/HCl pH 8 and the protease inhibitors 10 lg/ml aprotinin, 50 lM leupeptin, 1 lM pepstatin and 5 lM E-64. After centrifugation, proteins in the supernatant were precipitated with TCA (15% w/v). Pellets were washed three times with methanol containing 0.1 M ammonium acetate. The protein concentration was determined using the Bradford assay. One hundred lg protein were mixed with one volume of 2· loading buffer (100 mM Tris/HCl pH 6.8, 2% SDS, 10% glycerol, 0.003% bromophenol blue, 10% b-mercaptoethanol) and loaded for electrophoresis on 15% acrylamide-bisacrylamide gel. Western blots were carried out as described (Niogret et al., 1996) .
Transient transformation
Embryos of the pure inbred line W64A of maize were excised, transformed by bombardment, and analysed as described (Busk et al., 1997) . Relative GUS activity is the reading of the GUS assay divided by the reading of the luciferase assay.
In vivo footprinting and ligation-mediated PCR
Leaves of 6-day-old plants of the pure, inbred maize line W64A were used for in vivo footprinting with dimethyl sulphate as described (Busk et al., 1997) . The DNA was purified, cleaved at the modified guanines and used for ligation-mediated PCR with the primers i1, i2 and i3 and 2 mM MgSO 4 in all PCR steps (Busk and Pages, 2002) . Nuclear extracts were prepared from embryos as described (Busk and Pages, 1997b) .
Electrophoretic mobility shift assays
The following DNA oligonucleotides were used in electrophoretic mobility shift assays:
The full-length oligonucleotides were purified, annealed and labelled with a-32 P-dCTP (3000 Ci/ mmol, Amersham) as described (Busk and Pages, 1997a) . Unlabelled competitor DNA was filled in with non-radioactive nucleotides.
The radioactive probe (10 000 cpm) was incubated with 45 lg of nuclear extract or 600 ng of recombinant protein as described (Busk and Pages, 1997a) . In supershift assays, the nuclear extract or the recombinant proteins were preincubated with 3 or 0.5 ll of the antibodies respectively in binding buffer on ice for 10 min prior to adding the radioactive probe and continuing with incubation for 20 min.
Immunoprecipitation of nuclear extracts
For immunoprecipitation we used 100 ll of antiEmBP-2 antibody immobilised on magnetic beads (Dynabeads) overnight at 4°C. The incubation with 100 lg of the nuclear protein extract was overnight at 4°C in 20 mM Hepes (pH 7.8); 100 mM KCl; 0.2 mM EDTA; 0.5 mM DTT; 0.2 mM PMSF; 10% (v/v) glycerol. The supernatant of the immunoprecipitation was used for EMSA. The magnetic beads of the immunoprecipitation was used in a binding reaction with the ABRE A and ABRE A mutated in the same conditions that the EMSA. After the binding reaction the samples were incubated 1 h at 65°C in a 0.5% SDS and 0.2 lg/ml protease K solution. Phenol-chloroform extraction was performed and the DNA was precipitated with 10% sodium acetate 3 M pH 5.2 and 2.5 volumes of ethanol in dry ice for 30 min. The samples were centrifugated 15 min at RT, the pellet resuspended in DNA loading buffer and loaded on a SDS-PAGE 15% acrylamide gel. One aliquot of the radioactive oligonucleotides were also loaded on the gel. The radioactive signal was detected by autoradiography.
In vitro pull-down assays
The EmBP-2 protein was translated in a 25 ll reaction in the presence of 35 S-methionine (>1000 lCi/mmol, Amersham) using the T7-TNT Quick coupled Transcription/Translation System (Promega Corporation, Madison, WI, USA). For the in vitro binding assay, 100 lg of recombinant proteins were attached to 0.6 ml Sephadex-column and incubated with 18 ll 35 S-labelled protein in ABRE A tggaagcttCGCGCCACGTGGGCATGagatct TggagatctCATGCCCACGTGGCGCGaagctt ABRE A-tggaagcttCGCGCCtgcaGGGCATGagatct tggagatctCATGCCCtgcaGGCGCCaagctt ABRE B tggaagcttGTCTCCACGTCTCTCGCagatct tggagatctGCGAGAGACGTGGAGACaagctt 180 ll binding buffer (20 mM Hepes pH 7.9, 50 mM KCl, 2.5 mM MgCl, 10% glycerol, 0.2% NP-40, 1 mM DTT, 3 ll rabbit non-immune serum).
After incubation overnight at 4°C with shaking, the resins were washed four times with wash buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.2% NP-40) resuspended in 20 ll electrophoresis sample buffer, boiled for 5 min and separated by 15% SDS-PAGE. The radiolabelled protein was visualised by autoradiography.
In vitro phosphorylation assays
Four pmol of maize protein kinase CK2 and 5 lg of recombinant protein were added in a total volume of 30 ll CK2 buffer (8.9 mM MgCl 2 , 0.5 mM EGTA, 27 mM b-glycerol phosphate, 0.5 mM EDTA, 1 mM DTT, 8 lM ATP, 3 lCi c-32 P-ATP). The samples were incubated for 20 min at 30°C. Reactions were stopped by addition of electrophoresis sample buffer, and the phosphorylated proteins were separated by 12% SDS-PAGE and visualised by autoradiography. In the positive control, 0.4 lg purified Rab17 protein was added. For EMSA reactions with the phosphorylated recombinant proteins a reaction was run in parallel with non-radioactive ATP. Reactions were stopped in liquid nitrogen.
Results
Molecular cloning and expression analysis of the EmBP-2 and ZmBZ-1 proteins
To clone maize transcription factors that regulate ABA-inducible transcription of genes through the ABRE we designed degenerated oligonucleotides based on conserved bZIP domains of the two ABRE-binding transcription factors EmBP-1 (Guiltinan et al., 1990) and OsBZ8 (Nakagawa et al., 1996) . PCR was performed with cDNA templates made from RNA extracted from dry embryo and drought-stressed leaves. Two DNA fragments of 90 base pairs were amplified and used to screen the cDNA libraries from dry embryos and drought-stressed leaves to obtain the maize bZIP cDNA sequences. The full-length clones designated EmBP-2 and ZmBZ-1 were obtained from embryo by RACE ( Figure 1A ) and ZmBZ-1 was also isolated from the drought-stressed leaves library.
The two deduced proteins contain a bZIP domain and an acidic activation domain typical for bZIP transcription factors. Putative CK2 phosphorylation sites have been also found in these sequences. The ZmBZ-1 and EmBP-2 deduced protein sequences share a 43% homology (37% identity), although the homology is much higher in the conserved bZIP domains (76%, with a 64% of identity). The most homolog proteins found in the database are OsBZ-8 from rice and EmBP-1 from wheat, respectively. In Figure 1B the isolated sequences are compared with other bZIP proteins. ZmBZ-1 protein has high homology also with the maize (63%) and the brassica (45%) GBF-1 (G-box binding factor-1) product. In the alignment it is shown that the bZIP domain represents the most conserved part (98%, 92% and 86% homology with OsBZ8, ZmGBF-1 and BnGBF-1 respectively). EmBP-2 protein has also high homology with the maize EmBP-1 (42%), the wheat HALF-1 (41%) and the rice BRI1 (40%) proteins. As is described for ZmBZ-1, the bZIP domain represents the most conserved part (91%, 92% and 91% homology respectively).
To investigate the accumulation pattern of both proteins in different tissues we raised specific antibodies against ZmBZ-1 (fragment from aa 184 to 359), and EmBP-2 (fragment from aa 218 to 360). Protein extracts from embryos and leaves were analysed by Western-blot. ZmBZ-1 antibody recognised a band of apparently 40 kDa which correspond to the predicted molecular weight of ZmBZ-1 (Figure 2 ). During embryogenesis, ZmBZ-1 is barely detectable in 15 dap embryos, but its expression can be induced by ABA treatment. The expression of the protein was constitutive from 30 dap to dry embryos. In leaves the protein is barely detectable (data not shown) suggesting a very low level of expression in accordance with the low mRNA levels for ZmBZ-1 detected by RT-PCR ( Figure 2C ).
The antibody against EmBP-2 detect a double band of about 45 kDa which correspond to EmBP-2 (Figure 2 ). The double band can be due to a post-translational modification of the protein.
Western blot analysis of EmBP-2 accumulation during embryogenesis showed that this factor is constitutively expressed throughout the development of the embryo and no induced by ABA treatment. However, during germination and in mature leaves the level of protein decreases and it is moderately induced by ABA and drought respectively (data not shown).
Due to the high homology observed between the recombinant proteins a cross-test was performed using protein extracts from dry embryos ( Figure 2B ). The same lane was cut in the middle and incubated with the two different antibodies. Although we cannot exclude cross-reaction with other bZIP proteins present in the extracts, the result indicates that there is no cross-reaction between the two antibodies.
The expression pattern of EmBP-2 and ZmBZ-1 genes in different maize tissues was also analysed by RT-PCR experiments. The relative abundance of the ZmBZ-1 and EmBP-2 transcripts was higher in embryos than in vegetative tissues. Although the PCR reactions were not strictly quantitative, both mRNAs were found in low levels in leaves ( Figure 2C ).
The presence in specific nuclear domains of EmBP-2 and ZmBZ were assessed by immunoelectron microscopy in maize mature embryos. Sam- ples were cryoprocessed, Lowicryl K4M-embedded sections were incubated with anti-EmBP-2 and anti-ZmBZ-1 antibodies, and subsequently detected by immunogold labelling (Figure 3 ) (Testillano et al., 1995) . The pattern of labelling for both antigens was similar. The gold particles were found accumulated mainly in the nucleus, specifically in fibrillo-granular structures of the interchromatin Figure 3 . Subcellular localization of ZmBZ (A, B) and EmBP-2 (C, E) and control (D) in maize embryos in Lowicryl K4M-embedded ultrathin sections. (A) Embryo cell at low magnification showing cytoplasm and nuclear compartments, after the anti-ZmBZ assays. The area contained in the rectangle is showed in (B) at high magnification, the distribution of the gold particles after the anti-ZmBZ antibodies is observed in the nucleus (N), specifically over fibrillo-granular structures of the interchromatin region (IR). Condensed chromatin (CHR) and nuclear envelope (NE) are free of labelling. (C) Cellular region of an embryo after anti-EmBP-2 antibodies at low magnification. The cellular region contained in the rectangle can be observed in (E) at high magnification. Gold particles followed a similar pattern of distribution than that showed by anti-ZmBZ-1. (D) Control of immunogold labelling using the pre-immune serum of ZmBZ-1, no significant labelling is observed. CT, cytoplasm, N, nucleus; CW, cell wall. Bars in A, C: 1.5 lm, in B, D, E: 0.5 lm. region, the domain in which transcription, early RNA processing and their machineries were localized in most eukaryotic cells, including plants (Testillano et al., 1993 (Testillano et al., , 1994 Trentani et al., 2003) . The condensed chromatin masses did not show labelling ( Figure 3A , B, C, E). Very low signal was found in the cytoplasm, possibly due to molecules in transit to the nucleus ( Figure 3E ). In control experiments with the corresponding preimmune EmBP-2 ( Figure 3D ) and ZmBZ (data not shown) sera, no significant labelling was observed in any subcellular compartment, proving the specificity of the immunogold assays performed. The intracellular localisation of ZmBZ-1 was confirmed in BMS maize suspension cells by transient transformation with ZmBZ-1 fused to GFP under control of the 35S promoter. The protein ZmBZ-1-GFP was found in the nucleus and in the cytoplasm (data not shown).
EmBP-2 and ZmBZ-1 specifically interacts with the rab28 ABRE and could regulate the interaction by heterodimerisation Band shift assays with purified, recombinant proteins showed that both ZmBZ-1 and EmBP-2 binds to ABRE A from the rab28 promoter ( Figure 4A ). The binding could be competed by excess unlabelled ABRE A, but not with a mutated ABRE A showing that the binding was specific. The other ABRE from the rab28 promoter, ABRE B, competed less than ABRE A. This shows that ZmBZ-1 and EmBP-2 bind stronger to ABRE A than to ABRE B, and that the relative binding site preferences of these two proteins and the partially purified ABRE-binding proteins from maize is the same for these two sequences (Busk and Pages, 1997a) . The binding to ABRE A was inhibited by addition of the antibodies against ZmBZ-1 and EmBP-2, respectively, but not with the addition of preimmune serum or the antibody against the other of the two proteins, as is shown in Figure 4B for EmBP-2. The same results were obtained with ZmBZ-1 (data not shown). The specificity of the generated antibodies in the interaction with the two bZIP proteins is also observed in non-denaturating conditions.
As the binding of the recombinant proteins to ABRE A was inhibited by antibodies against the bZIP transcription factors we investigated whether anti-EmBP-2 and anti-ZmBZ-1 antibodies could interfere with the formation of retarded bands between ABRE A and proteins from nuclear extracts. Indeed, addition of anti-EmBP-2 antibody to the binding reaction inhibited the binding of a protein from 60 dap nuclear extracts to ABRE A (data not shown). To further ascertain the presence and activity of EmBP-2 in maize embryo we have performed immunodepletion of nuclear extracts. The same low mobility retarded band formed between ABRE A and nuclear proteins disappeared after immunodepletion of the extract ( Figure 4C, lanes 1 and 3) showing that the antibody identified EmBP-2 or an inmunologically related protein in maize nuclear extracts. However, purified, recombinant EmBP-2 protein was added to the extracts and formed a complex with ABRE A with higher mobility than the complex formed with nuclear proteins ( Figure 4C , lanes 1, 2 and 4). This suggests that the complex formed with nuclear proteins may also contain other proteins in addition to EmBP-2 or is posttranslationally modified. A binding reaction was performed with the immunoprecipitated protein and the ABRE A and mutated ABRE A sequences. Figure 4 shows that the protein was able to react with ABRE A but not with the mutated ABRE A ( Figure 4D , lanes 5 and 4 respectively).
It has been reported that bZIP transcription factors can regulate gene expression by heterodimerisation (Bensmihen et al., 2002; Holm et al., 2002) . Given that EmBP-2 and ZmBZ-1 are present during development in the nucleus of embryos and are able to interact with the same DNA sequences in EMSA assays, we were interested in knowing if the two proteins interact to form a DNA-binding heterodimer. By pull down assays we found that EmBP-2 interacts with ZmBZ-1 but not with a basic protein used as a negative control, the tomato JAMYC10, a bHLHZip protein (Boter et al., 2004) , suggesting that this interaction involves the heterodimerisation through the bZIP domain ( Figure 4E ). In EMSA assay with the labelled ABRE A sequence and the two recombinant proteins, we detected a retarded band when the two proteins were present in the same binding reaction, with the same electrophoretic mobility than the homodimers but it competition with unlabelled ABRE A sequence needs more than 10 times more oligo (data not shown).
This suggests that EmBP-2 and ZmBZ-1 heterodimer could interact also with DNA.
Regulated binding of ABF to the ABRE elements in the rab28 promoter
In embryos there is constitutive protein binding to the ABREs of the rab28 promoter when the gene is not expressed (Busk et al., 1999) . To investigate if a similar situation occurs in vegetative tissues we performed an in vivo footprinting of ABRE A of the rab28 promoter in leaves. Previous experiments have shown that protein binding to this ABRE is readily detected (Busk and Pages, 1997a; Busk et al., 1999) . In leaves of 6 days old, well-watered plants we observed a strong footprint on ABRE A in the rab28 promoter ( Figure 5A ). The pattern of protections and hypersensitivity was identical to the pattern in embryos (Busk and Pages, 1997a; Busk et al., 1999) and is typical for ACGT-containing elements as the ABRE (Lu et al., 1996) . Treatment of the plants with ABA or three hours of water deficiency did not induce any changes in the footprint ( Figure 5A ) although these treatments induce expression of the rab28 gene Niogret et al., 1996) . To elucidate the transcriptional regulation of the rab28 gene by EmBP-2 and ZmBZ-1 in vegetative tissues we transformed young leaves with rab28 promoter constructs together with plasmids expressing ZmBZ-1 and EmBP-2. In 2-dayold leaves, overexpression of EmBP-2 or ZmBZ-1 increased the activity of the rab28 promoter (Figure 5B) , both in the presence and absence of ABA in equivalent manner. Neither transcription factors could induce the promoter activity when the ABREs were disrupted by mutations suggesting that they mediate transcription through the ABRE.
ABA and developmental control on the activity of ZmBZ-1 in regulation of rab28 promoter
The level of expression of ZmBZ-1 in embryos was increased as maturation proceeded and was also induced by treatment with ABA, following the same pattern of expression as that reported for the rab28 . To elucidate the transcriptional regulation of the rab28 gene by ZmBZ-1 we transformed maize embryos with rab28 promoter constructs together with plasmids expressing ZmBZ-1 (Figure 6A and B) . We performed transient transformation of 17 and 23 dap maize embryos to test the effect of the transcription factors before and after the developmental expression of ZmBZ-1 and the developmental activation of rab28.
In 23 dap maize embryos activity of the rab28 promoter was induced by ABA and by overexpression of ZmBZ-1, in contrast ZmBZ-1 is not able to increase the activity of the rab28 promoter in the presence of ABA in 17 dap embryos ( Figure 6B ). Any synergistic effect was observed when it was co-transfected with EmBP-2 in 23 dap maize embryos (not shown).
We also analysed the interaction between the coactivator VP1 and the transcription factor ZmBZ-1 in the activation of rab28 in 17 and 23 dap vp1-mutant embryos. The absolute level of expression of the rab28 promoter was lower in vp1 embryos than in wt (Figure 6) in agreement with the level of endogenous rab28 expression (Pla et al., 1993) . Due to the low basal level of promoter activity, the fold of induction by ABA was higher in vp1 embryos although the absolute level of ABA-induced promoter activity was higher in the presence of VP1 in wt embryos. No transcriptional activation effect of ZmBZ-1 on rab28 was detected in these mutants at any stage of embryo development, indicating that ZmBZ-1 may depend on VP1 for activation of rab28 (Figure 6C and D) . These results also indicate that there is an important influence of the transcription factors present in both developmental stages for the transactivating effect of ZmBZ-1 on rab28.
Regulation of EmBP-2 and ZmBZ-1 ABRE A binding affinity by CK2 phosphorylation For some plant bZIP transcription factors the activity and subcellular localisation is regulated by phosphorylation, and has been described that protein kinase CK2 can phosphorylate bZIP transcription factors (Klimczak et al., 1992; Harter et al., 1994) . To assess if CK2 could phosphorylate the ABRE-binding proteins EmBP-2 and ZmBZ-1 analysis of theoretical CK2 phosphorylation sites in the two proteins were performed ( Figure 1A ). They are located near the NLS sequences and in the basic domain, so we can predict that a change in the phosphorylation state in these positions could modulate the interaction of the proteins with the DNA and also their translocation into the nucleus. Reconstituted maize CK2 (Riera et al., 2004) was used for in vitro phosphorylation assays with recombinant ZmBZ-1 and EmBP-2 partial proteins expressed in E. coli, containing the CK2 phosphorylation sites. Figure 7A shows that both proteins can be phosphorylated by maize CK2, therefore EmBP-2 and ZmBZ-1 are indeed substrates for CK2 in vitro.
To analyse the effect of phosphorylation in the interaction with the ABRE A we performed an EMSA analysis with the two proteins in different phosphorylation states ( Figure 7B ). The results show that the DNA-binding activity of the two proteins is modulated by CK2 phosphorylation. The DNA-binding activity of EmBP-2 was increased by phosphorylation whereas the DNAbinding activity of ZmBZ-1 was decreased in the same conditions. Both phosphorylation effects have been reported previously for bZIP proteins, in this way the GBF1 protein of Arabidopsis increases its DNA binding after phosphorylation in EMSA assays (Klimczak et al., 1992) , however, TaHBP-1a decreases its DNA-binding activity (Meshi et al., 1998) .
Discussion
This work was initiated to approach the regulation of transcription through the ABRE. The rab28 gene is expressed in late embryogenesis and in response to ABA and abiotic stress (Pla et al., 1991; Niogret et al., 1996) . The rab28 promoter contains two ABREs that are necessary for embryonic ABA-and stress-induced expression (Pla et al., 1993; Busk et al., 1999) . We have cloned two bZIP transcription factors that interact with the ABRE and mediate transcription of the rab28 gene through this element. One of the transcription factors is closely related to EmBP-1 (Guiltinan et al., 1990 , Carlini et al., 1999 and was designated EmBP-2. The other transcription factor found in the present study, named ZmBZ-1, is related to OsBZ8 from rice (Nakagawa et al., 1996) .
It is not clear whether the regulation of transcription through the ABRE is mediated by modification of a pre-bound complex or by inducible factors. However, the constitutive protein binding to the ABRE shows that the regulation is different from the regulation of defence-related genes where there is an inducible binding on the G-box (Lois et al., 1989) . In agreement with this notion we observed protein binding to the ABREs of the rab28 promoter in embryo (Busk and Pages, 1997a) and in leaves under normal conditions where the promoter is inactive. The G-box binding proteins implicated in light-induced regulation of gene expression are mainly located in the cytoplasm and transported to the nucleus in response to light (Terzaghi et al., 1997; Kircher et al., 1998; Meshi et al., 1998) . However, treatment of maize cells with ABA did not affect the intracellular localisation of the EmBP-2 or ZmBZ-1 transcription factors expressed as a fusion proteins with the GFP marker (data not shown). The finding that ABA was involved in the transactivation of the rab28 promoter by EmBP-2 and ZmBZ-1 suggests that their activity is regulated by other means.
The EmBP-2 protein was mainly found in embryos but could be induced by drought in leaves. EmBP-2 showed a similar expression pattern as rab28 except for the expression in 15 dap embryos. Although the rab28 gene is inactive at this stage there is protein binding on the ABREs of the rab28 promoter (Busk et al., 1999) . Thus, EmBP-2 can be bound to the ABRE before the activation of rab28 and probably to other ABRE-regulated genes. EmBP-2 bound to the ABRE in vitro and strongly activated the rab28 promoter in the presence of ABA in 2 dag seedlings. These results suggest that ABA induces a modification of EmBP-2 or leads to the activation of a coactivator that binds to EmBP-2. The related protein EmBP-1 interacts with GF14 cofactors and the embryonic transcription factor VP1 (Schultz et al., 1998) and form heterodimers with other bZIP transcription factors . The EmBP-1 maize protein also could form heterodimers with EmBP-2 because both are present in the embryo. EmBP-2 antibody interacted with a band from nuclear extracts with different mobility than recombinant EmBP-2 in band-shift assays. We cannot exclude that the antibody interacts also with other bZIP proteins present in the extract, like EmBP-1, which bZIP has a 91% homology with the EmBP-2 bZIP domain. Other possibility is that other proteins such as transcriptional co-activators form part of the EmBP-2 DNA-binding complex in vivo. We found that EmBP-2 was able to form heterodimers with ZmBZ-1. The heterodimerisation between bZIP transcription factors is a control mechanism for their activity, and has been shown to be very selective and related with the structure and localisation of the bZIP element. In some cases heterodimerisation can be involved in the modulation of the activity of the bZIP proteins, like the hyh and hy5 mutants or the abi5 and eel mutants (Bensmihen et al., 2002; Holm et al., 2002) . The fact that ZmBZ-1 and EmBP-2 form heterodimers open the possibility that they regulate common genes in vivo.
The induction of ZmBZ-1 in young embryos is similar to the induction of rab28 Niogret et al., 1996) . Although there is constitutive protein binding to the rab28 promoter in 15 dap embryos it cannot be excluded that activation of the gene is due to an exchange of DNAbinding factors on the ABREs. ZmBZ-1 is a candidate for regulation of rab28 by this mechanism because ABA induces ZmBZ-1 in young embryos. However, the results obtained with the overexpression of ZmBZ-1 in different embryo developmental stages and in the vp1 mutants indicate the importance of other proteins present in the cell on its rab28 gene regulation, specially the VP1 coactivator, which regulates the rab28 expression mediated by the embryo developmental program. Interestingly, the overexpression of ZmBZ-1 in W64A maize callus, in which the rab28 gene is inactive (unpublished results), has only a transactivating effect after ABA treatment (data not shown). All these observations suggest that ZmBZ-1 overexpression has only effect in these tissues where rab28 is transcriptionally active, or that ZmBZ-1 activity is depending on ABA treatment. The results obtained in the vp1 mutants show the importance of the VP1 coactivator in the transactivating activity of ZmBZ-1. The embryo-specific transcription factor VP1 functions as a coactivator through the ABRE both in vivo (Busk and Pages, 1997a) and in vitro (Hill et al., 1996) and binds to the putative ABRE binding proteins EmBP-1 and TRAB1 (Hill et al., 1996) . However, VP1 is necessary for developmental but not for ABA-induced expression of rab28 , thus other cofactors may mediate ABA-induced expression. Further work will be necessary to elucidate this point. In 2 dag seedlings the rab28 expression depends on other transcription factors different than in the embryo (Pla et al., 1993) . The ZmBZ-1 and EmBP-2 factors can modulate the rab28 activity thought the ABRE also in this tissue. The effect of EmBP-2 on the transactivation of rab28 seems to be more important than the effect produced by ZmBZ-1, and this is supported by the fact that the ABA treatment induces an increase on the EmBP-2 protein accumulation in this tissue (data not shown).
Both EmBP-2 and ZmBZ-1 are phosphorylated by CK2, and the phosphorylation alters the DNAbinding properties of the factors. The DNAbinding activity of EmBP-2 was strongly enhanced by CK2 phosphorylation. This is in accordance with what was observed for the bZIP AtGBF-1 factor that is thought to be regulated by phosphorylation (Harter et al., 1994) . In contrast, the DNA-binding activity of ZmBZ-1 was strongly reduced by phosphorylation by CK2. The regulation of EmBP-2 and ZmBZ-1 resembles that of TRAB1, which binds constitutively to DNA but only enhances transcription in the presence of ABA (Hobo et al., 1999a) . TRAB1 is phosphorylated in response to ABA, and this phosphorylation is likely to be essential for the ABA-induced activation of transcription by this factor (Kagaya et al., 2002) . Our data point to that EmBP-2 and ZmBZ-1 can be regulated in two ways, either by modification of their transactivating potential or by modification of their DNA-binding activity, and these different ways of regulation could have together an effect in gene regulation caused by EmBP-2 and ZmBZ-1 heterodimerisation.
